I. INTRODUCTION
C HALCOPYRITE Cu(In,Ga)Se 2 and Cu(In,Ga)(S,Se) 2 (CIGSSe) based solar cells reached efficiencies as high as 22.6% in the recent past [1] . Most highly efficient cells are produced with toxic cadmium sulfide buffer layers [2] , [3] . There was, however, some progress in the development of alternative cadmium-free buffer layers with layers based on zinc oxysulfide Zn(O,S) to be a most promising example, reaching efficiencies up to 21% on cell level [4] and 17.9% on 30 cm × 30 cm submodule level [5] . Processes for Zn(O,S) thin film deposition usually contain ammonia as complexing agent and for pH control, and thiourea or thioacetamide as sulfur source. In addition to zinc sulfide and zinc oxide formation, the chemistry of these chemical bath deposition (CBD) processes usually also leads to zinc hydroxide formation [6] , and the resulting buffer layers C. Hönes is with Robert Bosch GmbH, Engineering Sensor Process Technology, Reutlingen 72762, Germany, and also with the Laboratory for Photovoltaics, University of Luxembourg, Belvaux 4422, Luxembourg (e-mail: christian.hoenes@de.bosch.com).
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are therefore sometimes referred to as Zn(O,OH,S) buffer layers. For the sake of simplicity, we will use the nomenclature of Zn(O,S) in the following.
Regarding the deposition time, thiourea-based processes are usually slow, taking up to 20 min for a deposition of 30 nm [5] - [7] . This time can be reduced to 5-8 min by working with preheated reagents [6] or by replacing thiourea with faster decomposing thioamides [8] , [9] . If thioacetamide is used as replacement for thiourea, the precipitation reaction is even too fast, making it necessary to replace part of the ammonia by another, stronger complexing agent [8] . Apart from faster film formation, the latter approach also has the advantage of lowering the amount of ammonia, which is advantageous for industrial processes, where exhaust gas has to be cleaned from ammonia fumes. In this paper, we therefore concentrate on the development of an altogether ammonia-free deposition process, where we use ammonia containing solutions only for established pre and posttreatment steps. This novel process utilizes N-(2-hydroxyethyl)ethylenediaminetriacetic acid (HEEDTA) as complexing agent at high pH, controlled with NaOH, and thioacetamide as sulfur source. This deposition process is not only faster compared with previously published processes, but also uses lower concentrations of chemicals, potentially reducing fabrication costs.
A common disadvantage of Zn(O,S) buffer layers is the need for light-soaking treatments after cell preparation in order to achieve metastable maximum efficiencies. This behavior is attributed to an electronic barrier between CIGSSe absorber and n-type window layer and can be addressed by adjusting the
) ratio of the Zn(O,S) layer or by introducing indium to be another cation, both lowering the positive conduction band offset (spike) at the CIGSSe/buffer interface [10] , [11] . Alternatively, the common i-ZnO high resistive window layer can be replaced with ZnMgO or the n-type doping of the buffer layer can be increased [12] .
Regarding the latter approach, we additionally examine the possibility of doping the buffer layer with Al and B. It has been shown that it is possible to use aluminum as n-type dopant for ZnS thin films [13] , [14] . It was also shown by Khallaf et al . that doping of CdS layers within a common CBD process is possible by means of adding aluminum sulfate or boric acid to the process solution [15] , [16] . We therefore pursue the same approach here.
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II. EXPERIMENTAL PROCEDURE
For this paper, Zn(O,S) buffer layers were deposited in an alkaline CBD process on top of Cu(In,Ga)(S,Se) 2 absorber material. The latter was deposited on molybdenum coated soda lime glass in a large area process described elsewhere [17] . From the center area of each large area substrate, three neighboring pieces with dimension 30 cm × 30 cm were cut and used for the deposition processes presented in this paper. The equipment utilized for deposition processes consists of a deposition chamber, where substrates of 30 cm × 30 cm size are heated from one side with constant water flow and are exposed to the process chamber containing process solutions on the other side. During deposition, the whole setup is set in motion, ensuring a constant mixing of the solutions in the process chamber. The sample processing consists of three steps, a pretreatment, the actual Zn(O,S) deposition, and a cleaning step. During the pretreatment, the process chamber contains 2.5% ammonia solution, containing 15 mM HEEDTA, and the substrate temperature is raised to 75°C, a process taking 5 min. After dumping the pretreatment solution, and rinsing the substrate with deionized water, a preheated process solution is transferred to the process chamber. This solution contains 5 mM Zn(SO) 4 , 15 mM HEEDTA, 0.56 M NaOH, and 10 mM thioacetamide, dissolved in deionized water. The thioacetamide is added after preheating the process solution to 75°C, directly before transferring to the process chamber. A volume of 400 mL was found to be sufficient in order to have a homogeneous deposition process on 30 cm × 30 cm substrates. The temperature was kept at 75°C during deposition and the deposition time, typically between 2 and 5 min, depends on the target layer thickness and on the absorber surface conditions, and was fixed to 3 min for the experiments presented here. The cleaning step consists of a washing in 2.5% ammonia solution, removing loosely attached precipitates. After drying the sample in nitrogen gas flow, it is submitted to a heat-treatment at 190°C for 10 min in air.
In order to intentionally dope the Zn(O,S) layers with aluminum or boron, aluminum potassium sulfate dodecahydrate or boric acid were added to the process solution with concentrations of 1 and 12.5 mM, respectively.
CIGSSe substrates from the same fabrication batch with a CdS buffer layer, already deposited at CISTech GmbH, were used for the preparation of reference cells.
For solar cell preparation, pieces with the dimension of 3.5 cm × 7 cm were cut from the larger substrate. The actual cells were then prepared at the Zentrum für Solarenergie-und Wasserstoff-Forschung Baden Württemberg (ZSW) with a sputtered intrinsic zinc oxide layer, followed by an aluminum-doped zinc oxide layer and a Ni/Al contact grid. Mechanical scribing leads to separated cells with an area of 0.5 cm 2 in an array of 2 × 10 cells per substrate. All cells presented here were prepared without an antireflection coating. Current-voltage (J-V ) measurements were performed in the dark and under simulated AM1.5 illumination at the ZSW. Each cell is measured before any posttreatment, after annealing at 200°C in air, and after light-soaking under simulated AM1.5 illumination for 30 min. During the measurements and during light-soaking, the cells were actively cooled to 25°C. Zn(O,S) layer thicknesses were controlled by means of X-ray fluorescence (XRF) measurements using a Fischerscope X-RAY XDV-SDD instrument. Scanning electron microscopy (SEM) images, shown in this paper, were taken at the CISTech GmbH facilities. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Physical Electronics Quantera SXM instrument, equipped with a monochromatic Al anode.
III. RESULTS AND DISCUSSION

A. Film Properties
The process described in the experimental section leads to very fast Zn(O,S) film formation. Film formation starts before the process solution is beginning to become turbid, which is an indicator for a fast surface catalyzed reaction, where the HEEDTA-complex with its single hydroxyl group might be the key component. The resulting film looks as if it consists of closely packed small spheres and exhibits good step coverage and low density of pin-holes, as can be seen in the SEM images shown in Fig. 1 . Also visible in the image are some small spherical agglomerates attached to the surface. These agglomerates can be found on the entire surface and probably stem from the homogeneous precipitation of Zn(O,S) in the process solution. A SEM cross section, displayed in Fig. 1(b) , shows that the film does not show a clear grain or particle structure.
Regarding the suitability of the presented CBD process for large area deposition, a map of the film thickness, measured by XRF over 25 cm × 25 cm, is shown in Fig. 2 . Despite the short process time, the layer formation is very homogeneous on a large substrate area, with relative standard deviations for the layer thickness usually being below 5%.
B. Solar Cells
A typical example of measured J-V curves is displayed in Fig. 3 . Clearly, these devices show a light-soaking behavior, which is commonly observed for cells with Zn(O,S) buffer layers [18] . Before any posttreatment, there is no significant short circuit current density (J SC ), and therefore no efficiency (η). After the annealing posttreatment, the cells show some efficiency, which is, however, still limited because of a large S-shape distortion of the J-V curve. After the following light-soaking posttreatment, the cells reach their maximum efficiency, show- Table I Table I on the other hand can be explained by the fact that the reference cells were not put to the light-soaking treatment. A slightly increased fill factor is sometimes observed as result of such a treatment even for our reference cells. The active cell area, after subtracting the grid area, is 0.47 cm 2 for all cells presented here. The maximum active area efficiency of cells with standard Zn(O,S) buffer from the process reported here is therefore calculated to be 16.1%.
C. Doping With Al and B
With the aim of lowering the need for a light-soaking posttreatment, it is attempted here to increase the n-type doping concentration in the buffer layer. As described in the experimental section, intentional doping with aluminum or boron is attempted by addition of AlK(SO 4 ) 2 ·12H 2 O or boric acid (B(OH) 3 ) to the process solution. Within the described concentrations, both substances do not alter the deposition process in any manner. There is, however, a distinct influence on the solar cell parameters of solar cells produced from these altered solution formulations. Boxplots of the efficiencies before and after each posttreatment are shown in comparison to Zn(O,S) reference layers in Fig. 5 . The performance of these reference cells differs slightly from the performance of those presented earlier, because of small variations between different CIGSSe material batches. In the case of added aluminum salt, a slight increase in efficiency is noted before and after any posttreatment. It has to be noted here that this slight increase, although significant in some batches, is not apparent in others. However, with added boric acid, the increase in efficiency is large and was observed reproducibly. The maximum efficiency of a cell with Zn(O,S):B buffer layer was measured to be 15.9% (16.9% on active area). The gain in efficiency is in both cases mostly caused by a shift of the Sshape to the right, indicating a reduction of the electronic barrier between absorber and window layer. With added boric acid, the solar cells do not show any significant light-soaking behavior any more. While the untreated cells show already larger efficiencies indicating a smaller electronic barrier to the current, this barrier is removed with the annealing posttreatment. There are many reasons for a possible reduction of this electronic barrier, an increase in buffer layer conductivity because of n-type doping among them [12] , [19] . The increased electron density in the buffer layer puts the Fermi level closer to the conduction band at the absorber/buffer interface, facilitating thermionic charge transfer at this interface in the presence of a positive conduction band offset. Although the amounts of aluminum salt and boric acid added to the solution are large, there was no boron or aluminum detected in the layers by means of XPS. The sensitivity of XPS for detection of aluminum or boron is in the range of a few atomic percent, giving an upper bound to the possible incorporation. A closer look at the surface valence band spectra of intentionally doped layers compared with a reference layer shows a systematic increase of the difference between the valence band maximum energy and the Fermi level, as displayed in Fig. 6 . Even if we assume that the thin buffer layer is largely depleted, being in contact with the depletion zone of the absorber, this might be an indicator of higher n-type doping in the buffer layer. The difference in |E VBM − E F | from reference to boron doped layer is as large as 0.27eV. Apart from the donor concentration in the buffer layer, there might be an additional influence of the conduction band offset at the absorber/buffer interface on the electronic barrier. With Zn(O,S), it is possible to lower this offset by lowering the ratio [S]/([S+O]) of the material. In Table II, this ratio is displayed together with the mentioned Fermi level shift. For the calculation, we use atomic concentrations derived from integral peak intensities after a short sputter step as well as the Zn Auger parameter according to Adler et al. [20] . For both methods of calculation and for all layers, the ratios 
IV. CONCLUSION
In this paper, we presented a novel, fast, and ammonia-free deposition process for Zn(O,S) buffer layers. The deposition step itself takes only 3 min and the layers show good step coverage, low density of pin-holes, and homogeneous thickness on 30 cm × 30 cm sized CIGSSe substrates. After annealing and a light-soaking posttreatment, the efficiencies of prepared solar cells match or even surpass those of prepared CdS reference devices and show good reproducibility. Adding AlK(SO 4 ) 2 ·12H 2 O or boric acid to the process solution can improve the light-soaking behavior, slightly in the former case, significantly in the latter case. The maximum efficiency for CIGSSe solar cells with cadmium-free buffer layer from our lab is presented here with 16.9% active area efficiency for a Zn(O,S):B buffer layer. Although neither aluminum nor boron have been directly traced in this paper (additional secondary ion mass spectrometry measurements were inconclusive), the change in valence band offset is an indicator that the electronic structure of the buffer layer really is changed by the addition of aluminum salt or boric acid. And, not least, the improved solar cell efficiencies and light-soaking behavior should motivate to further pursue this route of deposition for Zn(O,S) buffer layers.
The results presented here therefore constitute an important step forward in the search for a fast and reliable fabrication method for chemically deposited Zn(O,S) buffer layers.
